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responses and phosphorylation of Erk1/2, as well as Akt. Given that these signaling pathways are linked to cell survival, we investigated whether AT-RvD1 was able to prevent programmed cell death in mSMG. Specifically, we determined that AT-RvD1 prevented TNF-␣-mediated caspase-3 activation. Finally, we show that ALX/FPR2 is expressed in human minor salivary glands with and without SS, indicating the potential therapeutic use of AT-RvD1 for this condition.
resolvins; salivary glands; AT-RvD1; RvD1; Sjögren's syndrome; ALX/FPR2; GPR32 SJÖGREN'S SYNDROME (SS) is an autoimmune disease with a population prevalence of ϳ0.5% and a female preponderance (9:1 female-to-male ratio) (12) . The hallmarks of SS are xerostomia (dry mouth), keratoconjunctivitis sicca (dry eyes), and the presence of anti-nuclear antibodies (5, 11, 14) . Typically, such symptoms are clinically detectable only after salivary and lacrimal glands display chronic inflammation, a point at which current therapies have no benefit (8, 12) . The current treatments for dry mouth (e.g., saliva stimulants and saliva substitutes) only provide temporary relief (37) . Therefore, SS greatly decreases the quality of life for patients suffering from the disease (38) . The mechanisms behind the characteristic salivary gland destruction in SS patients remain unclear. However, it has been suggested that SS is characterized by an early phase in which the salivary and lacrimal tissues undergo inappropriate apoptosis (23) followed by a later phase of lymphocyte infiltration and autoimmune aggression associated with gland destruction and secretory dysfunction (23) .
Apoptosis in SS may be mediated through the following mechanisms: 1) stimulation of the TNF-␣ receptor by TNF-␣ (2), 2) Fas ligand receptor interaction (29, 34) , and/or 3) activation of the perforin-granzyme pathway (43) . Caspase-3 plays a pivotal role in mediating programmed cell death (46) . It was previously observed that increased proteolytic activity in salivary epithelial cells is mediated by caspases, supporting the concept that excessive cell death contributes to the pathogenesis of this disease (22) .
Resolvins are short-lived autacoids, part of a family of bioactive lipids that are synthesized during the resolution of inflammation (39) . These mediators exhibit anti-inflammatory and proresolving actions to block cell damage and enhance tissue repair after injury or infection (9, 16, 18, 26) . Previously, we showed that resolvin D1 (RvD1) prevents inflammatory responses and enhances tissue integrity in the rat parotid cell line Par-C10 (30) . Preincubation of cells with RvD1 abolished tight junction and cytoskeletal disruption caused by TNF-␣ (30). Furthermore, RvD1 enhanced lumen formation and cell polarity in Par-C10 cells cultured under two-and threedimensional conditions through Akt signaling (30) . These results indicate that RvD1 has the potential to improve salivary epithelial integrity in vitro and in vivo. Therefore, RvD1's potent anti-inflammatory actions in Par-C10 cells prompted us to investigate its impact on cell inflammation in primary cells from mouse submandibular glands (mSMG). Our results indicate that the RvD1 receptor lipoxin A 4 /formyl peptide receptor 2 (ALX/FPR2) is expressed in mouse and human salivary glands. We found that treatment of mSMG cells with the RvD1 epimer aspirin-triggered RvD1 (AT-RvD1) elicited intracellular Ca 2ϩ signaling and triggered phosphorylation of Erk1/2 and Akt. Additionally, AT-RvD1 prevented TNF-␣-mediated disruption of caspase-3 activation, indicating a role of this lipid mediator in cell survival. These results are significant, as they may lead to better therapeutic strategies for minimizing the autoimmune inflammation that occurs in SS.
MATERIALS AND METHODS
Experimental animals. Adult female C57BL/6 mice at 20 wk of age were anesthetized with 80 -100 mg/kg ketamine ϩ 5 mg/kg xylazine. Mice were euthanized by abdominal exsanguination, and the mSMG was removed for preparation of dispersed cell aggregates or flashfrozen for tissue sections. All animal use, anesthesia, and surgeries were conducted under the strict guidelines and approval of The State University of New York at Buffalo Institutional Animal Care and Use Committee.
Human specimens. Grading of hMSG histological sections was performed as described by Chisholm and Mason (4) . Focus score was determined as described by Greenspan et al. (15) . For our studies, a non-SS hMSG group consisting of three specimens and a SS hMSG group consisting of three specimens were used.
Preparation of dispersed cell aggregates from mSMG. Mice were anesthetized, and freshly isolated mSMG cells were prepared as described previously (44) . Glands were finely minced in dispersion medium consisting of 1:1 DMEM-Ham's F-12 medium (Hyclone, Logan, UT) and 0.2 mM CaCl 2, 1% (wt/vol) BSA, 50 U/ml collagenase (Worthington Biochemical, Freehold, NJ), and 400 U/ml hyaluronidase at 37°C for 30 min with aeration (95% air-5% CO2). Cell aggregates in dispersion medium were suspended by pipetting at 20 and 30 min. The dispersed cell aggregates were washed with enzymefree assay buffer (120 mM NaCl, 4 mM KCl, 1.2 mM KH 2PO4, 1. 7.4) containing 1% (wt/vol) BSA and filtered through a nylon mesh. Cells were washed again in 1:1 DMEM-Ham's F-12 medium containing 2.5% (vol/vol) fetal bovine serum (GIBCO, Gaithersburg, MD) and the following supplements: 0.1 M retinoic acid, 80 ng/ml epidermal growth factor, 2 nM triiodothyronine, 5 mM glutamine, 0.4 g/ml hydrocortisone, 5 g/ml insulin, 5 g/ml transferrin, 5 ng/ml sodium selenite, and freshly added 100 g/ml Normocin (InvivoGen, San Diego, CA). Cells were centrifuged at room temperature and 1,000 rpm for 5 min, resuspended in supplemented 1:1 DMEM-Ham's F-12 medium (see above), and plated on tissue culture plates.
AT-RvD1 time course. The RvD1 aspirin-triggered epimeric form AT-RvD1, which was previously shown to be more resistant to degradation in culture and equipotent to RvD1 at nanomolar concentrations (42), was used for these studies. mSMG cell suspensions were incubated with and without AT-RvD1 (100 ng/ml; Cayman Chemical, Ann Arbor, MI) for 0 -60 min. Cells were then lysed and subjected to Western blot analyses for Erk1/2 and Akt phosphorylation.
Active caspase-3 detection. mSMG cell suspensions were pretreated for 30 min with or without AT-RvD1 (100 ng/ml) and then incubated with or without TNF-␣ (100 ng/ml; Becton Dickinson Pharmingen, San Diego, CA) or staurosporine ( . Calcium release was measured using a fluorescence microscope (model DMI6000B, Leica Microsystems, Mannheim, Germany) and stimulated with AT-RvD1 (100 ng/ml), carbachol (100 M; Sigma), or 1ϫ PBS (negative control) at room temperature. Fluo 4-AM fluorescence images were captured with an ORCA-R2 camera (Hamamatsu Photonics, Hamamatsu City, Japan). The graph was obtained using the averaged pixel intensity values of images taken over time.
Detection of RvD1 receptors. hMSG or mSMG frozen sections (10 m) were fixed in 4% paraformaldehyde for 20 min at room temperature, incubated with 0.1% Triton X-100 in PBS for 5 min, and washed with PBS. Tissues were blocked with 5% goat serum in PBS for 2 h at room temperature. The sections were incubated overnight at 4°C with rabbit anti-ALX/FPR2 antibody (Alomone Labs, Jerusalem, Israel; 1:200 dilution) or rabbit anti-G protein-coupled receptor (GPR) 32 antibody (Abcam, Cambridge, MA; 1:200 dilution). Dilutions were made with 5% goat serum in PBS. On the next day, sections were washed three times for 5 min with PBS. Sections were incubated for 1 h with Alexa Fluor 488-conjugated goat anti-rabbit (Invitrogen; 1:500 dilution in 5% goat serum) and washed three times with PBS. Tissues were stained for 30 min with an Alexa Fluor 633-conjugated phalloidin-F-actin stain (Sigma; 1:400 dilution in PBS) and then incubated for 5 min with propidium iodide (Invitrogen; 1:3,000 dilution in saline sodium citrate). Images were obtained using a confocal microscope (model 510, Zeiss, Jena, Germany). All images were analyzed using the ImageJ (National Institutes of Health, Bethesda, MD) software application.
Western blot analyses. Cells were lysed in 120 l of 2ϫ Laemmli buffer [120 mM Tris·HCl, pH 6.8, 10% (vol/vol) glycerol, 2% (wt/vol) SDS, 1 mM dithiothreitol, and 0.002% (wt/vol) bromophenol blue]. Lysates were sonicated for 20 s with a sonic dismembrator (microtip, amplification 45%; model 120, Fisher Scientific, Pittsburgh, PA) and boiled for 5 min. Cell lysates were subjected to electrophoresis in 4 -15% (wt/vol) Mini-Protean TGX gels (Bio-Rad) and transferred to nitrocellulose membranes. Membranes were blocked for 1 h with 3% (wt/vol) BSA in Tris-buffered saline (0.137 M NaCl and 0.025 M Tris, pH 7.4) containing 0.1% (vol/vol) Tween 20 (TBST) and immunoblotted overnight with primary antibodies at 4°C in TBST containing 3% (wt/vol) BSA. The following antibodies were utilized: rabbit phosphorylated Erk1/2, which recognizes endogenous phosphorylated Erk1/2 when phosphorylated at Thr 202 and Tyr 204 (Cell Signaling Technology, Danvers, MA; 1:500 dilution), and rabbit phosphorylated Akt, which recognizes endogenous phosphorylated Akt when phosphorylated at Ser 473 (Cell Signaling Technology; 1:500 dilution). After incubation with the primary antibodies, membranes were washed three times for 15 min each with TBST and incubated with peroxidase-linked goat anti-rabbit IgG antibody (Cell Signaling Technology; 1:2,000 dilution) at room temperature for 1 h. The membranes were washed three times for 15 min each with TBST and treated with Clarity chemiluminescence detection reagent (BioRad), and protein bands were visualized using a Chemi-Doc MP Imager (Bio-Rad). Quantification of the bands was performed using Image Lab (release 4.1, Bio-Rad). For signal normalization, membranes were treated with Restore stripping buffer (Thermo-Scientific, Waltham, MA) and reprobed with rabbit total Erk1/2 and pan-Akt (Cell Signaling Technology; 1:500 dilution), which detects endogenous levels of total analogous protein, regardless of posttranslational modifications.
Statistical analyses. Values are means Ϯ SE of results from three or more determinations. P Ͻ 0.05, calculated from a two-tailed t-test, represents significant differences.
RESULTS

The RvD1 receptor ALX/FPR2 is expressed in mSMG.
Our previous studies showed that the RvD1 receptor ALX/FPR2 is expressed in mSMG acinar cells and in the rat parotid gland cell line Par-C10 (30). To corroborate our previous studies and extend our observations to ductal structures, we immunostained mSMG tissue sections for ALX/FPR2 and GPR32 and used actin staining to show polar localization of the receptors. As shown in Fig. 1 , ALX/FPR2 was expressed on the apical and basolateral sides of acinar and ductal cells (although the staining was stronger at the apical side of the cells), while GPR32 was absent (data not shown). A weak cytosolic staining was also observed. Phalloidin staining (F-actin) was shown throughout the entire section, but intense staining was observed at the apical actin ring, as expected.
ALX/FPR2 elicits intracellular Ca 2ϩ increases in mSMG. To determine whether ALX/FPR2 is functional in mSMG cells, we studied whether AT-RvD1 was able to induce intracellular Ca 2ϩ release. As shown in Fig. 2A , AT-RvD1 was able to stimulate intracellular Ca 2ϩ mobilization in mSMG cells. Additionally, progressive increases in intracellular Ca 2ϩ mobilization were observed in mSMG cells stimulated with the muscarinic agonist carbachol (100 M; Fig. 2B ), which is known to elicit Ca 2ϩ responses in mSMG cells (33) . However, cells did not respond to the negative control buffer without agonist (Fig. 2C) . These results indicate that RvD1 signaling in mSMG cells activates the classic G protein-coupled receptor second messenger system.
AT-RvD1 transiently phosphorylates Erk1/2 and Akt in mSMG.
To assess other RvD1-mediated intracellular signaling pathways in mSMG, we studied the activation of various protein kinases, such as Erk1/2 and Akt. Incubation with AT-RvD1 induced a transient, time-dependent increase in phosphorylation of Erk1/2 (Fig. 3A) and Akt (Fig. 3C) relative to basal levels. This phosphorylation was rapid in onset, reaching a peak at ϳ1 min and subsequently dropping below basal levels at 15-60 min. In contrast to the effects of ATRvD1 on Erk1/2 and Akt phosphorylation (Fig. 3, A and C) , in cells incubated in the absence of AT-RvD1 for 0 -60 min the effect on Erk1/2 and Akt phosphorylation was minimal.
AT-RvD1 decreases active caspase-3 activity in mSMG.
Given that AT-RvD1 caused phosphorylation of survival proteins (Fig. 3, A and B) , we determined whether AT-RvD1 was able to block apoptotic pathways. Particularly, we investigated whether AT-RvD1 blocked signals induced by the proapoptotic cytokine TNF-␣ in mSMG cells or by the protein kinase inhibitor staurosporine (used as a proapoptotic control). As shown in Fig. 4 , TNF-␣ significantly increased caspase-3 activity compared with basal values. However, a 30-min preincubation of mSMG cells with AT-RvD1 significantly blocked the TNF-␣-mediated, but not staurosporine-mediated, increases in caspase-3 activity.
ALX/FPR2 is expressed in hMSG with and without SS. Because RvD1 has potential therapeutic application to block inflammation associated with SS (30), we decided to test whether resolvin receptors are differentially expressed in hMSG with and without SS. As shown in Fig. 5 , ALX/FPR2 was strongly localized on the apical side of acinar and ductal hMSG from SS and non-SS subjects, with a less intense basolateral and cytosolic staining. However, we observed heterogeneity of ALX/FPR2 expression in hMSG with SS. While all samples expressed ALX/FPR2, the intensity of apical expression varied (data not shown). Further analysis demonstrated that a second RvD1 receptor, GRP32, was not expressed in hMSG (data not shown).
DISCUSSION
Resolvins are highly potent, anti-inflammatory agents that control the duration and magnitude of inflammation in a variety of tissues (3, 9, 10, 19) . Resolvin subtypes include the E series (RvE1 and RvE2, derived from eicosapentaenoic acid), the D series (RvD1 and RvD2, derived from docosahexanoic acid), and aspirin-triggered forms (AT-RvD1-6) (1, 21, 40). Resolvins were initially discovered as regulators of innate immune cells; for example, RvD1 and AT-RvD1 were demonstrated to be potent regulators of polymorphonuclear leukocyte (PMN) infiltration in brain, skin, and intestinal epithelium in vivo (40, 42) . Further research demonstrated that resolvins also elicit their functions beyond the immune system. For instance, RvE1 triggers resolution of vascular inflammation and ADPdependent activation in platelets (13), inhibits osteoclast growth and bone resorption in mice (20) , and improves corneal staining and goblet cell density in a murine model of dry eye (7) . Additionally, RvD1 and RvE1 block interstitial fibrosis in the obstructed kidney via inhibition of local fibroblast proliferation (35) . More recently, we demonstrated RvD1's ability to prevent cytokine signaling and enhance tissue integrity in salivary epithelium (30) . Together, these results indicate that different resolvin family members allow inflammatory resolution and restore homeostasis in a variety of tissues.
The RvD1 receptors ALX/FPR2 and GPR32 are seventransmembrane proteins that do not seem to be linked to classic signal transduction machinery, as they do not activate Ca 2ϩ signaling in freshly isolated human PMNs (24) . Further research by our group using Par-C10 cells supports this notion (30) . In the current study we were able to demonstrate that ALX/FPR2 was expressed in mSMG, with intense staining in cell membranes compared with cytosol ( Fig. 1) . However, AT-RvD1 was able to elicit intracellular Ca 2ϩ responses in single mSMG cells ( Fig. 2A) , indicating that AT-RvD1 can activate RvD1 receptors through a classic G protein-coupled receptor signaling mechanism in these cells. We believe that this discrepancy (in terms of Ca 2ϩ responses compared with other primary cells, i.e., PMNs) may be attributed to the fact that RvD1-mediated Ca 2ϩ signaling varies among different cell types. From comparison of Ca 2ϩ signaling between mSMG and Par-C10 cells, it is clear that a cell line does not completely recapitulate all the features of primary cells and that the RvD1-mediated intracellular Ca 2ϩ response might have been lost during transformation (36) .
Resolvins have been shown to activate intracellular kinases, including Erk1/2 and Akt, which regulate cell survival and integrity (25, 30, 31, 35) . The results of the current study demonstrate that activation of ALX/FPR2 with AT-RvD1 also stimulates Erk1/2 and Akt phosphorylation in mSMG cells ( Fig. 3 , A and C) compared with cells incubated in the absence of AT-RvD1 (i.e., 0 min; Fig. 3, B and D) . These results indicate that ALX/FPR2 is functional in primary salivary cells and is able to activate cell survival signals. These findings are consistent with our previous studies indicating ALX/FPR2 activity in the salivary cell line Par-C10 (30) . The ability of AT-RvD1 to transiently phosphorylate Erk1/2 and Akt starting at 1 min in culture indicates that this lipid mediator initiates rapid signaling mechanisms to block stress generated by tissue culture conditions.
Several studies indicate the involvement of uncontrolled apoptosis in the pathogenesis of SS (27, 28, 45) . Furthermore, enhanced apoptosis has been related to the impairment of secretory function and generation of autoantigens (17) . More recently, it was shown that administration of caspase inhibitors in mouse models of SS ameliorated inflammation, indicating a critical role for caspase-mediated apoptosis (32) . The decrease in TNF-␣-mediated caspase-3 activation observed here suggests that AT-RvD1 blocks molecules upstream of caspase-3 (e.g., caspase-8 or TNF receptor type 1; Fig. 6 ) to promote cell survival in salivary cells. Interestingly, AT-RvD1 did not effectively reduce staurosporine-mediated caspase-3 activation to basal levels, suggesting a selective effect for AT-RvD1 in blocking the SS-associated proinflammatory cytokine TNF-␣.
As mentioned above, resolvins block inflammation and promote tissue repair in several in vivo and in vitro models (6, 26, 30) , indicating potential therapeutic applications within the oral cavity. Our results indicate that ALX/FPR2 is expressed in human salivary glands with and without SS (Fig. 5) . The fact that the receptor was highly expressed in the apical portion of minor salivary ducts suggests that resolvins are delivered to the oral cavity to promote wound healing and tissue repair through the resolution of inflammation.
In summary, the AT-RvD1 receptor is expressed in primary salivary cells and is able to increase a diverse set of intracellular signaling pathways such as Ca 2ϩ , Erk1/2, and Akt. Additionally, we were able to demonstrate that AT-RvD1 blocks TNF-␣-mediated caspase-3 activation in mSMG (Fig.  6 ). The expression of ALX/FPR2 seems to be unaltered in hMSG with and without SS, indicating that RvD1 could be used as a therapeutic option to treat salivary gland inflammation in SS patients. 
